DNA methylation is a major epigenetic modification of the genome that affects basic biological functions, such as gene expression and cell development. We used the human genome sequences and the DNA methylation data that are available in order to establish a map of the levels of GC and methylation in isochores. We also looked for the correlations that hold between GC levels and the distribution of the (1) dinucleotide CpG, (2) ratio 5mC/CpG, and (3) CpG islands. Our results show that methylation levels, CpG frequencies, and the density of CpG islands are positively correlated with the GC level of isochores. In contrast, the correlation between the 5mC/CpG ratio and GC is a negative one because the increase in methylation lags behind that of CpG, to reach a plateau in the GC-richest, gene-richest isochore families H2 and H3. In conclusion, there are more CpG targets that remain unmethylated in the GC-richest, gene-richest isochores in comparison with the other isochores. This conclusion supports the idea that the widespread methylation under consideration here has a general inhibitory effect on gene expression.
Introduction
For vertebrates, DNA methylation is a major epigenetic modification, which has a role at both the genic and the genomic levels (see references [1] [2] [3] for recent reviews). At the gene level, one of the functions of methylation is to regulate gene expression, and many such cases have been reported in the literature (see, for example, a classical review by Razin and Cedar [4] , as well as by Robertson [5] ). In contrast, even as the number of techniques for genome-wide analysis of DNA methylation has increased [6] , results on methylation at the genome level are still limited. Moreover, because methylation takes place almost exclusively at the cytosines located in CpG nucleotides, the study of the distribution of DNA methylation cannot be separated from that of CpG. For vertebrate genomes, however, existing DNA methylation data reveal that this modification is not randomly distributed (see below).
In the mid-1980s, we showed that CpG is linearly and positively correlated with GC levels of vertebrate genes ( [7] see also Bernardi and Bernardi [8] ), a point confirmed by further detailed investigations [9] . We then showed that CpG islands (sequences of 0.5-2 kb in size that are rich in GC and unmethylated CpG doublets) were scarce or absent in cold-blooded vertebrates [10, 11] , whereas in warm-blooded vertebrates, their densities almost paralleled the increase of gene densities in isochores of increasing GC [9] . Methylation linearly increased with genome GC in the case of all vertebrates tested, but methylation levels of warm-blooded vertebrates were systematically lower than those of cold-blooded vertebrates [12] [13] [14] . This correlation also held intragenomically as investigated in Xenopus, chicken, mouse, and human [15] . Finally, a negative correlation was found between 5mC/CpG and GC because the increase in CpG was steeper than that of 5mC [9] .
More recently, the complete sequences of the human genome allowed establishing the methylation level [16] and an isochore map [17] along human chromosomes. These two resources gave us the possibility of providing the complete pattern of methylation along the isochores of the human genome and of defining the correlations that hold between isochores and methylation, CpGs, and CpG islands.
Materials and methods
Correspondence between methylation in the clones of Weber et al. and the isochore bands of Costantini et al.
We used the methylation data obtained by immunoprecipitating methylated DNA (MeDIP) in clones of about 80 kb that covered all the human genome [16] . For each clone, the authors provided the position on the chromosomes (UCSC release hg15; April 2003). We also collected the coordinates of the isochore borders as described in Costantini et al. [17] . These authors mapped about 3200 isochores on the fully sequenced human genome (UCSC release hg17; May 2004), which represented a complete coverage of the chromosomes (neglecting the remaining gaps). In order to make the exact match of methylation data with the isochores, we had to find the relative position of each clone within the isochore map for all chromosomes. Given that between the two releases there are some differences due to gaps, the coordinates of the clones often did not coincide with the right isochore; thus, we had to shift them manually to find the right Genomics xxx (2009) xxx-xxx match. At the end of this process, we calculated the average GC and methylation levels for all isochores in all chromosomes, except for the Y chromosome, for which methylation data were not available.
Evaluation of the CpG frequency along the isochores
The frequency of CpG was calculated with a PERL script implemented in our laboratory. This script counted the number of CpG doublets in all isochores. For each isochore, we associated the corresponding methylation level (see above) from Weber et al. [16] and evaluated the densities of both.
CpG island frequency along the isochores
In order to evaluate the contribution of CpG islands to the ratio of CpG frequency over methylation, we downloaded the file of the Fig. 1 . Correlation between 5mC and GC levels in the isochores of the human genome. We assembled the data for all chromosomes, except Y. (A) The coordinates of each point are the GC level of the isochores [17] and the average 5mC level for each of the group of clones analyzed by [16] as present in each isochore. The 5mC level was represented as log ratio of methylated to input signal for each clone spotted on microarray. (B) Correlation between 5mC and GC levels in isochore families. The colors used for isochore families are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) coordinates of the CpG islands from the release hg17 of the UCSC Website. We then filtered these "putative" islands with the criteria of Takai and Jones [22] . We then assigned each island to the corresponding isochore and used the PERL script to calculate the new CpG frequency. Once downloaded and filtered, we assessed the frequency of the CpG islands in human isochores by assigning each island to the corresponding isochore through their coordinates.
Choice of the criteria for establishing the CpG islands
Various authors have proposed different definitions for CpG islands based on sequence criteria for the in silico prediction of islands, even if a direct experimental evaluation of methylation status is required in order to get the best definition. The original criteria defined them as regions of at least 200 bp with a GC level of at least 50% and a ratio of CpG observed to expected (o/e) of at least 0.6 [23] . Recently, such criteria were refined by Takai and Jones [22] , such that most Alu repeats were excluded. We decided to use their criteria, as it was demonstrated that their parameters allow many false positives to be discarded. Another possibility would have been to use the CpG islands found by other authors [24] , who constructed CpG island maps also based on epigenomic features; however, the authors themselves stressed that their method still needs further research. Isochores were divided into GC-poor, gene-poor (L1, L2, and H1), and GC-rich, gene-rich (H2 and H3) families. Fig. 1A shows the results for isochores, with each point indicating the average methylation and GC level for each isochore, whereas Fig. 1B shows the average levels for both methylation and GC for the isochore families.
Results

Correlation between methylation and GC levels of isochores
As an example, we reported the linear distribution of methylation levels along chromosomes 21 and 22, as partitioned in isochores (Fig. 2) . It is clear already from these two chromosomes that the methylation level is not strictly proportional to GC level when judged at the isochore level. Such variations are very frequent as it can be seen in the full display of methylation results for all chromosomes (Supplemental Figure S1 ).
Correlation between the 5mC/CpG ratio and the GC levels of isochores
Since CpG islands are known to be unmethylated in most cases, we calculated the CpG densities and the ratio of CpG and 5mC densities after the exclusion of the CpG islands from each isochore band. We reported the results of this analysis for both 5mC and CpG density in isochores, together with their ratio on a GC level scale in Fig. 3 . More in particular, the densities of CpG and 5mC are shown in Figs. 3A and B , respectively, whereas Figs. 3C and D displays the 5mC/CpG density ratio. In particular, panel C shows the points for each isochore, and panel D, the average values for the five isochore families. Interestingly, if we compare this result with that obtained with all CpGs, including those of the islands, we notice that the two results are very similar (panel D). The explanation can be found in the plot of the contribution of the CpGs in the CpG islands for each isochore family (Fig. 4) . Such contribution increases linearly with the GC level, yet it does not change the trend of CpG density in isochores. In both cases, in fact, the CpG density, unlike the 5mC density, increases with the increasing of GC level. The ratio of the two 5mC/CpG densities, on the contrary, declines with increasing GC of isochores because the increase in methylation with isochore GC lags behind the increase of CpG until a 5mC plateau is reached.
CpG island density in human isochores
When we analyzed the number and density of CpG islands in isochores, we observed that both positively correlate with the GC level, as is in the case for genes ( Fig. 5 ). It is well known, in fact, that CpG islands are often associated with promoters and that genes reach a maximum concentration in H3 isochores. 
Discussion
We have reported here an analysis carried out for the first time on the distribution of CpG doublets, 5mC, 5mC/CpG ratios, and CpG islands on a fully sequenced mammalian genome (i.e., the human genome) in which methylation was precisely assessed.
These results lead to three major conclusions. First, they confirm our previous investigations that were done on compositional DNA fractions, genes, and the limited number of available sequences (see Introduction). Indeed, using the new data, we showed that (i) a positive linear correlation holds between the frequency of CpG and 5mC and the GC levels of isochores; (ii) a negative correlation links the 5mC/CpG ratio and the GC levels of isochores, with a plateau in the GC-richest, gene-richest isochore families H2 and H3; and (iii) a positive linear correlation exists between the frequency of CpG islands and the GC levels of isochores.
Obviously, while all these points were already established qualitatively, with the exception of the plateau level of 5mC/CpG ratio, the present results quantify them definitively. Of particular interest are the findings that (i) the correlation between CpG and isochore GC level does not change significantly whether unmethylated CpG islands are or not excluded; (ii) CpG islands, namely, sequences that have a regulatory role, increase in parallel with genes as GC levels of isochores increase; and (iii) the 5mC/CpG ratio reaches a plateau because the 5mC increase with increasing isochore GC lags behind the increase of CpG.
The second conclusion is that the latter point may be understood by thinking that the overall DNA methylation, which is due to DNMT1 methylase [18] , has a general inhibitory role on gene expression and therefore its frequency is decreased in the gene-richest isochores. This second conclusion goes along with our observation that global DNA methylation level in polar fishes is higher in comparison with temperate and tropical species [13] . Indeed, DNA methylation could be used to block large genomic regions that remain unexpressed since the activity of the genes located in them is not needed. This idea is supported by the observation that Antarctic fishes lose the expression of some genic regions [19, 20] .
The third conclusion is that while general rules about the distribution of methylation clearly exist, regional variations can also be observed. This is understandable because of local variations in the density of genes and interspersed repeats (Alu sequences are fully methylated). This stresses the interest of the maps presented here. Indeed, any region of particular concern can be enlarged, observed in detail, and allow linking methylation level, gene position, and regional gene expression.
A final comment is that, so far, isochores were associated with basic properties of the genome, such as gene density, chromatin structure, replication timing, and recombination [1] , to name only the most important of them, so justifying calling isochores "a fundamental level of genome organization" [21] . The present work indicates that isochores belonging to different families can also be distinguished on the basis of differences in 5mC, CpGs, 5mC/CpG and CpG island densities.
Conclusions
This study represents an analysis of the distribution of methylation, CpGs, and CpG islands in the human isochores. It shows highly significant correlations between the three parameters and the GC level of isochores, as well as a negative correlation between the ratio 5mC/CpG and GC, meaning that in GC-rich, gene rich-regions many targets remain unmethylated. Finally, this work provides maps of methylation along the chromosomes that can be used to find out the methylation level of each isochore and correlate it with gene expression.
